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(3) Cast steel suitable for machining. 

(57) To provide graphitic cast steel having im- 
proved machining and mechanical properties, a 
large number of fine graphite nodules can be 
crystallized in the cast steel, and the occurrence 
of chain -I ike formation of graphite crystals can 
be avoided by limiting the Bi content in the cast 
steel to the range between - 0.0005% and 
0.0150%. The composition essentially consists 
of 0.45 to 1.5 wt% carbon (C), 1.0 to 5.5 wt% 
silicon (Si), 0.008 to 0.25 wt% rare earth ele- 
ments (REM), optionally, 0.002 to 0.020 wt% 
calcium (Ca), 0.0005 to 0.0150 wt% bismuth (Bi), 
0.005 to 0.080 wt% aluminum (Al), and balance 
iron (Fe) and inevitable impurities. The cast 
steel can achieve favorable machining and 
mechanical property even in its as cast condi- 
tion. 
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The present invention relates to graphitic cast steel having favorable machining and mechanical properties, 
and in particular to graphitic cast steel which is suitable for fabricating components which are complex in shape, 
and require favorable casting and machining properties and high rigidity such as brake calipers for automotive 
disk brakes. 

5 Conventional graphitic cast steel contains precipitated graphite nodules therein for improving the proper- 

ties of the cast steel for plastic working and machining. As well known in the art, it is preferable to have fine 
graphite nodules distributed in the cast steel as densely and uniformly as possible in view of improving frictional 
and machining properties characterized by short machining chips. 

As a method for precipitating graphite in cast steel, it is conceivable to use a heat treatment process, but 
10 a desired result may not be obtained because the heat treatment will require a considerable time period and 
the precipitated graphite may be too coarse to be acceptable and may not be as nodular as desired. 

For instance, in Japanese patent laid-open publication (kokai) No. 63-103049, it is disclosed to add rare 
earth elements for the purpose of distributing fine graphite nodules in the cast steel at high density and uni- 
formity. This non-examined patent publication teaches that machining property can be improved by adding 
15 0.4 wt% or less of bismuth as an element for improving machining property (0.02 wt%, 0.05 wt% and 0.13 wt% 
in the disclosed embodiments), and that as the bismuth content increases beyond 0.4 wt% the graphite will 
lose the nodular shape and both machining and mechanical properties will be impaired. 

However, the Inventor has discovered that, even in the above mentioned technology, fine graphite par- 
ticles are favorably dispersed only when the cooling rate at the time of casting is sufficiently high, and chain- 
20 shaped graphite formation tends to develop in the manner of networks when the cooling rate is low due to the 
large size of the product or the nature of the process of casting, depending on the content of bismuth. Even 
within the same product, the parts involving low cooling rate such as thick wall portions and the sprues tend 
to be subjected to such problems. Such chain-like formation of graphite crystals impairs such properties as 
mechanical strength, elongation and rigidity, or results in substantially undesirable mechanical properties in 
25 the cast steel as opposed to favorably distributed graphite nodules. 

In view of such problems of the prior art, and the above mentioned recognition by the inventor, a primary 
object of the present invention is to provide graphitic cast steel which offers a favorable machining property, 
and is economical to fabricate. 

A second object of the present invention is to provide graphitic cast steel having favorable machining and 
30 coldworking properties. 

A third object of the present invention is to provide graphitic cast steel having a favorable machining prop- 
erty and a high mechanical strength. 

According to the present invention, these and other objects can be achieved by providing graphitic cast 
steel, essentially consisting of 0.45 to 1 .5 wt% carbon (C), 1 .0 to 5.5 wt% silicon (Si), 0.008 to 0.25 wt% rare 
35 earth elements (REM), optionally, 0.002 to 0.020 wt% calcium (Ca), O0005 to 0.0150 wt% bismuth (Bi), 0.005 
to 0.080 wt% aluminum (Al), and balance iron (Fe) and inevitable impurities. 

Preferably, the inevitable impurities include no more than 1.0 wt% manganese (Mn), no more than 0.05 
wt% sulphur (S), and no more than 0.1 5 wt% phosphorus (P). 

Now the basis for restricting the content of each element according to the present invention is explained 
40 in the following. 
C: 0.45% to 1.5% 

Carbon is the essential element for the formation of graphite. When the carbon content is below the lower 
limit of 0.45% by weight (in the claims and the description of this application "% by weight" is indicated as "wt%" 
or simply as "%"), carbon fails to crystallize as nodular graphite, and improvement in machining and casting 
45 properties cannot be achieved. On the other hand, when the carbon content exceeds the upper limit of 1.5%, 
the nodularization ratio will drop below 70%, impairing mechanical strength and elongation. Further, coarsen- 
ing and segregation of graphite crystal grains tend to occur, thereby increasing the distances between adjacent 
graphite crystals and impairing the machining property of the cast product. 
Si: 1.0% to 5.5% 

50 Si promotes the crystallization of graphite, but produces no appreciable effect if its content is less than 

the lower limit of 1 .0%, leading to the failure to crystallize into nodular graphite and achieve any improvement 
in machining and casting properties. On the other hand, when the Si content exceeds the upper limit of 5.5%, 
the nodularization of graphite will be less than 70%, and the resulting increase in silico-ferrite will increase the 
hardness of the cast steel, thereby significantly impairing mechanical strength, ductility, and toughness. 

55 REM: 0.008% to 0.25% 

REM promotes the precipitation of graphite, and substantially no graphite precipitates when there is no 
REM content. When the REM content is less than the lower limit of 0.008%, there is no crystallization of graph- 
ite, and favorable machining and casting properties cannot be attained. When the REM content is increased 
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beyond the upper limit of 0.25%, there will be only partial crystallization of graphite, and machining and casting 
properties are impaired. Further, chain-like formation of graphite occurs, and this impairs mechanical strength 
and elongation. 

5 Ca: 0.002% to 0.020% 

When Ca is added to the cast steel in combination with REM, a Ca-based fee-machining substance is pro- 
duced, and this substance not only improves machining property but also assists REM in promoting the pre- 
cipitation of graphite and improves the fineness of the graphite nodules. However, when the Ca content is less 
than the lower limit of 0.002%, there will be no appreciable effect. When Ca is added beyond the upper limit 

10 of 0.020%, coarsening and segregation of graphite crystal grains tend to occur, thereby increasing the distanc- 
es between adjacent graphite crystals and impairing the machining property of the cast product. 
Bi: 0.0005% to 0.0150% 

Bi is an element which can contribute to the improvement in the machining property of the cast steel. By 
adding Bi by an appropriate amount, formation of chain-like graphite crystals can be avoided. In particular, 

15 when the C content is equal to or greater than 1.2% or when Si content is equal to or greater than 2.5%, or, 
in other words, in a condition which is normally prone to the formation of chain-like graphite crystals, formation 
of chain-like graphite crystals can be effectively prevented by adding an appropriate amount of Bi. When the 
Bi content is less than 0.0005%, formation of chain-like graphite crystals will occur, thereby substantially im- 
pairing mechanical strength and toughness. When the Bi content exceeds the upper limit of 0.0150%, its ef- 

20 fectiveness in finely distributing graphite nuclei is reduced, and formation of chain-like graphite crystals may 
occur. With Bi acting as an element which prevents nodularization of graphite, failure to nodularize graphite 
crystals will impair mechanical strength and elongation, and failure to crystallize graphite impairs casting and 
machining properties. 
A!: 0.005% to 0.080% 

25 When the Al content is less than 0.005%, the deoxidization may become insufficient, and due to the de- 

activation of REM by oxidization graphite will fail to crystallize. Further, gas voids which may be produced in 
the cast steel may lower the quality of the cast steel to an unacceptable level. On the other hand, when the 
Al content exceeds 0.080%, it acts as an element which obstructs the nodularization of graphite, and it impairs 
mechanical strength and elongation. 
30 The inevitable impurities include Mn, S and P, and their contents should be below 1.0%, 0.05% and 0.15%, 

respectively. If the Mn content exceeds 1 .0%, the crystallization of graphite is obstructed, and the matrix tends 
to become brittle. When the S content exceeds 0.05%, it will react with REM, and obstruct the nodularization 
of graphite. When the P content exceeds 0.15%, Fe 3 P is produced, and the resulting reduction in elongation 
will increase the brittleness of the cast steel. 
35 For a better understanding of the present invention and to show how the same may be carried into effect, 

reference will now be made, by way of example, to the accompanying drawings, in which:- 

Figure 1 is a graph showing the relationship between the Bi content and the ratio of graphite nodularization; 
Figure 2 is a photomicrograph of #6 cast steel of the present invention which is shown in Table 1; 
Figure 3 is a photomicrograph of #1 prior art cast steel which is shown in Table 1; 
40 Figure 4 is a graph showing the relationship between the Si content and hardness in regard to the cast 

steel of the present invention and the prior art cast steel which is subjected to a ferritization process; 
Figure 5 is a graph showing the relationship between the Si content and tensile strength in regard to the 
cast steel of the present invention and the prior art cast steel which is subjected to a ferritization process; 
Figure 6 is a graph showing the relationship between the Si content and elongation in regard to the cast 
45 steel of the present invention and the prior art cast steel which is subjected to a ferritization process; 

Figure 7 is a graph showing the ferritization ratio of the cast steel of the present invention in relation to 
the REM and Si contents; 

Figure 8 is a graph showing machining chip lengths and the wear of a corner portion of a drill bit when 
drilling is performed on the cast steel of the present invention and the prior art cast steel; 
50 Figure 9(a) is a plan view of a caliper body for a disk brake unit to which the cast steel of the present in- 

vention is applied, Figure 9(b) is a sectional view taken along line a-a of Figure 9(a), and Figure 9(c) is a 
sectional view taken along line b-b of Figure 9(b); 

Figure 10(a) is a plan view of a caliper bracket for a disk brake unit to which the cast steel of the present 
invention is applied, Figure 10(b) is a front view of Figure 10(a), and Figure 10(c) is a sectional view taken 
55 along line b-b of Figure 10(b); 

Figure 11 is a graph showing the time history change of the crack lengths when the thermal load test is 
conducted on the cast steel of the present invention and the prior art cast steel; 

Figure 12 is a graph showing the time history change of the number of cracks when the thermal load test 
is conducted on the cast steel of the present invention and the prior art cast steel; and 
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Figure 13 is a graph showing tensile strength and elongation when Mo and/or Cu is added to the cast steel 
of the present invention, and a heat treatment is carried out 

Table 1 shows the composition of cast steels according to the present invention (#4 through #1 0), and prior 
5 art cast steels (#1 through #3, #11 and #12) with different Bi contents, in relation to the presence of graphite, 
the nodularization ratio of graphite, and the presence of chain-like formation of graphite crystals. Figure 1 
shows the relationship between the Bi content and the nodularization ratio of graphite in regard to these cast 
steels. Figure 2 is a photomicrograph of #6 cast steel according to the present invention, and Figure 3 is a pho- 
tomicrograph of #1 prior art cast steel. As can be seen from these photomicrographs and Table 1, when the 
10 Bi content is between 0.0005 and 0.015%, the graphite nodularization ratio is high (normally, a graphite nod- 
ularization ratio of 70% or higher is acceptable), and fine graphite nodules are evenly distributed in the cast 
steel. It can be seen that the graphite nodularization ratio either sharply drops or chain-like formation of graphite 
crystals occurs when the Bi content falls out of this range. 
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Table 2 shows the composition of cast steels according to the present invention (#14 through #17), and 
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prior art cast steels (#13 and #18 through #20) with different C contents, in relation to the presence of graphite, 
the noduiarization ratio of graphite, and the presence of chain-like formation of graphite crystals. As can be 
seen from Table 2, when the C content is between 0.45% and 1.5%, the graphite noduiarization ratio is high, 
5 but, when the C content falls out of this range, the graphite noduiarization ratio either sharply drops or graphite 
crystals fail to form. 

Table 3 shows the composition of cast steels according to the present invention (#22 through #25), and 
prior art cast steels (#21 and #26) with different Si contents, in relation to the presence of graphite, the nod- 
uiarization ratio of graphite, and the presence of chain-like formation of graphite crystals. As can be seen from 
10 Table 3, when the Si content is between 1.0% and 5.5%, the graphite noduiarization ratio is high, but, when 
the Si content falls out of this range, the graphite noduiarization ratio either sharply drops or graphite crystals 
fail to form. 

Table 4 shows the composition of cast steel according to the present invention (#28), and prior art cast 
steels (#27, #29 and #30) with different REM contents, in relation to the presence of graphite, the noduiarization 
15 ratio of graphite, and the presence of chain-like formation of graphite crystals. As can be seen from Table 4, 
when the REM content is between 0.008% and 0.25%, the graphite noduiarization ratio is high, but problems 
such as chain-like formation of graphite crystals, failure to crystallize graphite and segregation of graphite crys- 
tals may occur when the REM content falls out of this range. 
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To look for desired hardness, tensile strength and elongation, Figures 4, 5 and 6 are given here to show 
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the relationship between these properties and the Si content by varying Si contents while the REM content 
is fixed at a level higher than 0.05% with regard to cast steel of the present invention and the prior art cast 
steel which is subjected to a ferritization process at 770 °C for two hours. Since the ferritization ratio is desired 
5 to be higher than 95% to achieve desired hardness, tensile strength and elongation, the change in the ferriti- 
zation ratio of the cast steel of the present invention is shown in the graph of Figure 7 for different REM and 
Si contents. 

As can be seen from Figures 4 through 7, according to the cast steel of the present invention with the Si 
content higher than 2.7% and the REM content higher than 0.05%, the ferritization ratio is higher than 95% 
10 even without any heat treatment, and the achieved hardness, tensile strength and elongation are comparable 
to those of cast steel which is subjected to heat treatment. 

Figure 8 shows the relationship between the cutting length and the wear of a drill bit when drilling is per- 
formed on the cast steels of the present invention with the Si content 3.2% (as cast A), 3.5% (as cast: B) and 
3.5% (with heat treatment: C), respectively, and the prior art cast steels including S48CALS (free-machining 
15 steel), SC70 (standard cast steel) and FCD450. As can be seen from this graph, the machining property of 
the cast steels of the present invention are far more superior than those of the conventional cast steels, and 
is equivalent to or better than that of FCD450. 

When the Si content is 2.7% in the cast steel of the present invention, since the ferritization ratio is sub- 
stantially high as shown in Figure 7, the cast steel of the present invention, even in its as cast condition, offers 
20 a machining property equivalent to those of heat treated conventional cast steels. 

Figures 9(a), (b) and (c), and Figures 10(a), (b) and (c) show a caliper body 1 and a caliper bracket 2 for 
an automotive disk brake made of the cast steel of the present invention. The surfaces indicated by letter "A" 
are the surfaces finished by machining. According to the caliper body 1 and the caliper bracket 2 made from 
the cast steel of the present invention, owing to the superior machining property comparable to that of FCD450 
25 and the high rigidity, some improvement in the performance of the disk brake was achieved. 

Table 5 compares the test results obtained by measuring various mechanical properties (such as tensile 
strength, 0.02% offset yield strength, elongation and hardness) of the cast steels of the present invention (#31 
and #32) and the prior art cast steels (#33 and #34) having different compositions, and the results of a thermal 
load test such as crack lengths, numbers of cracks and oxidization losses. The thermal load test consisted of 
30 assessing the condition of the cracks after 25 cycles of mode 1 test including the steps of heating up to 850 
°C, cooling by water for two minutes, and letting water drip off for three minutes, and ten cycles of mode 2 test 
including the steps of heating up to 1,000 °C, cooling by water for two minutes, and letting water drip off for 
three minutes. The oxidization loss is computed by the following formula: 

[(weight after test)/(weight before test)] * 100 (%) 
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Tables 6 and 7, and Figures 11 and 1 2 show the time history changes of the crack length and the number 
of cracks for each specimen of cast steel (#31 to #34) when applying ten cycles of mode 2 test following the 
application of 25 cycles of mode 1 test. Upon completion of ten cycles of mode 2 test, large continuous cracks 
were observed to develop in the case of the prior art cast steels, but only minute cracks developed in the case 
of the cast steels of the present invention. 

As can be seen from these tables and graphs, since the cast steel of the present invention contains rela- 
tively small amounts of carbon, and does not involve coarsening of graphite crystals, there is a less possibility 
of developing inner stress due to the conversion of carbon into the form of graphite, and the generation of 
cracks can be controlled. Therefore, according to the cast steel of the present invention, toughness against 
cracks, and the permissible operation temperature of the cast steel material can be increased. For instance, 
when an exhaust manifold is made from the cast steel of the present invention, the permissible temperature 
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of the exhaust manifold can be substantially increased, and it allows more freedom in the design of a high per- 
formance interna! combustion engine. 

Further, by adding Mo and/or Cu to the cast steel of the present invention at levels lower than 1.0% as 
indicated in Table 8, an improvement in tensile strength can be achieved as shown in Table 8 and Figure 13. 
By performing a heat treatment to the cast steel of the present invention as shown in Table 8, an improvement 
in tensile strength can be achieved and a favorable elongation can be maintained as shown in Table 8 and 
Figure 13. 
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As described above, according to the graphitic cast steel of the present invention, since a large number 
of fine graphite nodules can be crystallized in the cast steel, and the occurrence of chain-like formation of 
graphite crystals can be avoided by limiting the Bi content in the cast steel to the range between 0.0005% and 
0.0150%, the cast steel can be made to have favorable machining and mechanical property even in its as cast 
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condition. 



5 



Claims 



1. Graphitic cast steel, essentially consisting of 0.45 to 1 .5 wt% carbon (C), 1 .0 to 5.5 wt% silicon (Si), 0.008 
to 0.25 wt% rare earth elements (REM), 0.0005 to 0.01 50 wt% bismuth (Bi), 0.005 to 0.080 wt% aluminum 
(Al), and balance iron (Fe) and inevitable impurities. 



2. Graphitic cast steel according to claim 1 , further comprising 0.002 to 0.020 wt% calcium (Ca). 

3. Graphitic cast steel according to claim 1 , wherein said inevitable impurities include no more than 1 .0 wt% 
manganese (Mn), no more than 0.05 wt% sulphur (S), and no more than 0.15 wt% phosphorus (P). 

4. Graphitic cast steel according to claim 1, wherein said inevitable impurities include no more than 1.0 wt% 
molybdenum (Mo). 

5. Graphitic cast steel according to claim 1 , wherein said inevitable impurities include no more than 1 .0 wt% 
copper (Cu). 



6. Graphitic cast steel according to claim 1 , wherein said cast steel is subjected to heat treatment. 
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Fig. 2 
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Fig. 6 
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Fig. 7 
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Fig. 11 
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Fig. 12 
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